Quantitative real-time PCR (qPCR) on serum provides significant added value to the diagnosis of Q fever, mainly at the acute stage of the disease in seronegative patients and in patients with endocarditis. We evaluated the benefits of Coxiella burnetii DNA concentration in serum by lyophilization to improve qPCR sensitivity. The detection limit of qPCR was determined by comparing six 10-fold dilutions of serum (calibrated with 10 4 bacteria ml À1 ) with and without lyophilization. We also tested, after lyophilization, 73 sera from patients with acute Q fever and 10 sera from patients with endocarditis for which specific qPCR for C. burnetii performed under our usual conditions remained negative. Lyophilization of DNA was found to improve sensitivity of the qPCR; the limit of detection of C. burnetii DNA by qPCR was 100-fold lower in lyophilized sera (1 bacterium ml À1 ) than in non-lyophilized sera (10 2 bacteria ml À1 ). Among the 73 sera from patients with acute Q fever, 26 (36 %) were positive after lyophilization, demonstrating a sensitivity gain of 44 % for early negative sera and 30 % for positive sera compared to our usual qPCR conditions. Sensitivity was also higher in sera from patients with endocarditis for which 8/ 10 (80 %) were positive after lyophilization. Our results serve as a proof of concept that lyophilization increases the sensitivity of qPCR in serum by concentrating bacterial DNA. This technique may be applied for the earlier diagnosis of other fastidious bacteria or viruses and extended to other clinical samples.
INTRODUCTION
Since the advent of techniques for nucleic acid amplification by polymerase chain reaction (PCR) in the 1980s, several technological advances have contributed to their success for the diagnosis of infectious diseases, particularly with the development of real-time PCR (Higuchi et al., 1992 (Higuchi et al., , 1993 . In recent years, real-time PCR assays have been extensively developed in clinical microbiology laboratories and have become an essential diagnostic tool for the routine diagnosis of infectious diseases including bacterial diseases. The technique is especially useful for detecting the DNA of fastidious bacteria, and in patients receiving antibiotics before sampling (Morel et al., 2014) .
Quantitative real-time PCR (qPCR) is a more useful, sensitive, specific and rapid tool than conventional PCR, and is routinely used at our reference centre for Q fever diagnosis . Q fever is a ubiquitous zoonosis caused by Coxiella burnetii. Humans are mainly contaminated by inhalation of aerosols from parturient fluid from infected animals and also by the digestive route (Maurin & Raoult, 1999) . The acute form of the disease can be asymptomatic seroconversion or more severe forms including flulike syndromes, acute hepatitis and pneumonia (Maurin & Raoult, 1999) . However, 0.6-7 % of patients develop a persistent focalized infection such as endocarditis or vascular infections according to the patient's susceptibilities . The term of 'chronic Q fever' is inappropriate and should no longer be used. In fact, the definition of 'chronic Q fever' was mainly based on serologic profile (phase I IgG ! 1 : 800) and mixes different clinical entities. Serological cutoffs are not sufficient to determine the persistence of the infection and the focus of the infection should be identified (Eldin & Raoult, 2015) . Our recent studies have shown that localization of the focus of infection is critical to determine prognosis and treatment duration. We recently highlighted that some locations of the infection were underestimated such as osteoarticular infection, lymphadenopathy or lung and spinal damage (Eldin & Raoult, 2015) . Consequently, we have established new criteria for the diagnosis of persistent Q fever, including medical imaging (Echocardiography, As C. burnetii is a fastidious bacterium, the diagnosis of Q fever is based on serology by indirect immunofluorescence assays and qPCR on serum, blood or biopsies (Fournier et al., 1998) . qPCR on serum is particularly useful in the first two weeks following the onset of symptoms for diagnosis at the acute stage of the disease in seronegative patients (Fournier & Raoult, 2003) and for the diagnosis of endocarditis and vascular infections in patients with elevated antibodies (Fenollar et al., 2004) .
At our reference centre, we use a very sensitive qPCR assay allowing specific identification of C. burnetii (Eldin et al., 2013) . This qPCR system targets a 20-fold repeated insertion sequence, IS1111, with a detection limit of 10 2 bacteria ml À1 (Eldin et al., 2013) . Despite the high sensitivity of our laboratory-developed test, we sometimes encounter false-negative results because of the small amount of DNA copies present in the early sera sampled at the acute stage of the disease (Fournier & Raoult, 2003) .
In the present study, we evaluated the use of lyophilization to concentrate C. burnetii DNA from serum to improve the sensitivity of qPCR for the diagnosis of acute Q fever and endocarditis.
METHODS
Study and clinical specimens. We established the proof of concept of our study using serum calibrated with an inoculum of 10 4 bacteria ml À1 corresponding to 2.10 5 DNA copies ml À1 quantified as previously reported using qPCR targeting the IS1111 gene (Eldin et al., 2013) . Six 10-fold dilutions of this serum were performed with human serum negative for Q fever, to obtain a final volume of 1.2 ml. DNA was extracted from 1 ml of serum for each dilution as described below, then lyophilized and qPCR was performed. The detection limit of qPCR obtained after sample lyophilization was compared to the qPCR assay performed under our usual conditions on the remaining 200 µl of serum for each dilution (Fig. 1) . This experiment was performed twice and the qPCR were performed in duplicate.
Secondly, since January 2014, we prospectively tested sera from patients with acute infection or Q fever endocarditis for which specific qPCR for C. burnetii performed under our usual conditions remained negative. We tested 73 serum samples collected from patients at the acute stage of the disease, including 27 early seronegative sera from patients who presented with a seroconversion within 15 days and 46 positive sera from patients presenting with clinical symptoms and antibody titers compatible with acute Q fever (Phase II IgG ! 1 : 200, IgM ! 1 : 50) (Dupont et al., 1994) . We only included patients from whom a convalescent serum confirming the acute Q fever was obtained. Ten sera from untreated patients with definite Q fever endocarditis diagnosed according to our criteria (Raoult, 2012) were also tested. All these patients presented evidence of cardiac involvement with phase I IgG titers ranging from 800 to 102 400. Thirty sera from blood donors were used as negative controls.
Nucleic acid extraction. DNA was extracted, under our usual conditions, from 200 µl serum samples using the QIAamp Tissue Kit in the Biorobot EZ1 Workstation (QIAGEN), then eluted in 100 µl elution buffer according to the manufacturer's instructions (Fig. 1a) . For the test samples, including a lyophilization step, DNA was extracted with the QIAamp Tissue Kit in the Biorobot EZ1 Workstation from 1 ml (5Â200 µl) of serum per patient and eluted with 5Â100 µl elution buffer. The five 100 µl aliquots of DNA were pooled before lyophilization ( Fig. 1b) (Supplementary material).
Lyophilization method. The aliquots of pooled DNA and the shelves of the freeze-dryer instrument were pre-cooled for one hour in a freezer at À80 C. Bacterial DNA was concentrated by lyophilization in a 1.5 ml tube using a Lyovac GT2 instrument (Leybold Hereaeus). Sublimation was carried out for 2 h at a pressure of 0.5 mbar and with a trap temperature of À40 C. The lyophilized DNA samples (powder) were re-dissolved in 50 µl sterile water resulting in a 10-fold concentration of the DNA (Fig. 1b) . The effectiveness of lyophilization was verified for each run with a control, including a calibrated serum with a known C t value for the detection of C. burnetii. qPCR assay. Specific qPCR for C. burnetii was performed with primers and Taqman probes targeting the IS1111 repeated sequence (Eldin et al., 2013 ) using a CFX96 instrument (Bio-Rad). A standard calibration curve providing quantification of the target was generated in a previous study by using 10-fold serial dilutions of C. burnetii (Eldin et al., 2013) . DNA from the C. burnetii Nine Mile II strain was used as a positive control for each run of qPCR, and sterile water was used as a negative control. The positive controls were previously calibrated with 10 2 bacteria ml À1 and 10 7 bacteria ml
À1
, corresponding to two extreme points of the standard calibration curve. All qPCRs were performed in duplicate and the mean C t (cycle threshold) value was calculated for the calibrated serum and for each positive sample. The detection limit of qPCR under our usual conditions is 10 2 bacteria ml
, corresponding to » 35 C t value. We therefore chose a C t value of 36 as the cutoff and all samples with a C t value < 36 for the duplicate qPCR were considered as positive. We considered that the number of IS1111 elements in the genome of C. burnetii was 20 to calculate the log 10 IS1111 copies ml À1 in serum. DNA extraction quality and the presence of PCR inhibitors were verified by qPCR targeting the human beta-actin gene as previously described (Morel et al., 2014) . If PCR inhibitors were observed, qPCR was performed with DNA diluted tenfold.
RESULTS
Seven 10-fold dilutions of 1 ml serum, calibrated with 10 4 bacteria ml
À1
, were tested by qPCR with and without lyophilization. The lyophilized serum was associated with improved sensitivity. It was positive by qPCR with a mean ± standard deviation (SD) of 5.3 C t values ± 0.6 (range 4.8-6.0) lower than the non-lyophilized samples for serum dilutions containing 10 4 , 10 3 and 10 2 bacteria ml
. qPCR was negative for the non-lyophilized sera containing 10 bacteria ml À1 and 1 bacterium ml À1 and was positive at 31.8 C t (4.2 log 10 ) and 34.9 C t (3.3 log 10 ), respectively, for the lyophilized sera. Finally, the detection limit of C. burnetii DNA by our qPCR assay was 100-fold lower in lyophilized serum (1 bacteria ml
) than in non-lyophilized serum (10 2 bacteria ml À1 ) ( Table 1) .
Seventy-three sera from patients with acute Q fever that were negative using the usual qPCR conditions for the detection of C. burnetii were tested after lyophilization, using a serum volume of between 600 µl and 1 ml, depending on the quantity available. All these sera were resuspended in 50 µl after lyophilization. Thirty-six percent (26/ 73) were positive after lyophilization. For the 27 patients for whom early seronegative sera were tested, the proportion of positive sera reached 44 % (12/27) after lyophilization. The mean ± SD of the C t values of the positive qPCR was 33.4 ± 1.6, (range 31.9 to 35.2 cycles), corresponding to 3.8 log 10 IS1111 copies ml
. For the 46 patients for whom early seropositive sera were tested, 30 % (14/46) were positive after lyophilization. The mean ± SD of the C t values was 34.6±1.2 (range 33.0 to 35.1 cycles), corresponding to 3.4 log 10 IS1111 copies ml
. No links were found between the quantity of lyophilized serum and qPCR positivity. Two samples for which only 600 µl were available were positive (Table 2) .
After testing 73 sera, the results of qPCR coupled with lyophilization were compared to those of our routine method. All the negative controls were negative; the specificity of our assay was 100 %. No samples were positive at C t value ! 36. Our assay demonstrated sensitivity gains of 36 % for sera from patients with acute Q fever and of 80 % for sera from patients with endocarditis compared to our conventional qPCR. Sensitivity was higher for seronegative sera (44 %) compared to early seropositive sera (30 %) from patients with acute Q fever, but this difference was not statistically significant (p = 0.22 using the 2 test). These data suggest the presence of a higher bacterial load in the bloodstream at the onset of the disease as previously reported (Fournier & Raoult, 2003) . We did not find any correlation between bacterial load and the titer of phase II IgM and IgG antibodies. However, the mean C t value of the positive qPCR was lower in seronegative samples (33.4 cycles) compared to seropositive samples (34.6 cycles) but this difference was not significant (p = 0.06 using Student's t test). However, the sensitivity was higher for sera from patients with Q fever endocarditis (80 %) than for patients presenting with acute Q fever (36 %) (p = 0.013 using Fisher's exact test). We did not find any correlation between the number of DNA copies and the titer of phase I IgG antibodies in patients with Q fever endocarditis (Table 3) .
DISCUSSION
In this study, we describe a successful strategy for concentrating bacterial DNA by lyophilization to increase the sensitivity of qPCR in serum for acute infection and Q fever endocarditis diagnosis. The proof of concept of the technique using calibrated sera was performed twice and gave concordant results; the detection limit of C. burnetii DNA was 100-fold lower than with the conventional qPCR assay when 1 ml serum was lyophilized. Two factors, at least, may contribute to increase the sensitivity of qPCR: (i) DNA was extracted from a 5-fold higher serum volume in the procedure with lyophilization (1 ml) compared to the serum volume used under our usual conditions of qPCR (200 µl), and (ii) the removal of water by lyophilization led to a 10-fold concentration in the amount of DNA. Thus, the concentration factor in the proceedings with lyophilization is »50 when 1 ml of sera was lyophilized. However, the sensitivity gain of qPCR is higher (100-fold greater after lyophilization) but this difference is insignificant regarding the exponential amplification of DNA by qPCR. None of the serum specimens from 30 blood donors used as negative controls were positive, thus demonstrating the specificity of our new strategy for the detection of C. burnetii DNA. Also, reproducible values were obtained in duplicate. However, in 20 % of cases, qPCR on lyophilized serum was negative using undiluted DNA, but positive when using DNA diluted 1/10. In fact, the presence of PCR inhibitors in serum has been largely reported (Al-Soud et al., 2000) . Even though the DNA-extraction method should normally reduce PCR inhibitors, it is possible that these were present in excess after concentration of DNA by lyophilization, thus limiting the PCR efficacy. It was for this reason that we did not test this technique with serum volumes greater than 1 ml.
Serum is the specimen most easily obtained from patients for Q fever diagnosis. In addition to serology, it is important to perform direct diagnosis by qPCR on serum because it provides a significant added value to diagnoses. However, only small amounts of bacterial DNA are present in serum; consequently, the efficacy of qPCR is limited (Fournier & Raoult, 2003) . The diagnostic criteria for acute Q fever are mainly based on clinical and serological data. However, only 40 % of cases are symptomatic and common symptoms, including flu-like illness, transaminitis and pneumonia are not specific to the disease. Moreover, a lag phase in antibody response of 7À15 days after the onset of symptoms was observed. qPCR allows us to reduce the diagnosis delay, but lacks sensitivity. Fournier & Raoult (2003) reported a sensitivity of 24 % for PCR compared to 14 % for serology in serum sampling during the first two weeks following the onset of symptoms of acute Q fever (Fournier & Raoult, 2003) . They also observed higher PCR sensitivity in seronegative samples (26 %) compared to seropositive samples (5 %). Most infected patients present with transient bacteremia at the beginning of the disease (Maurin & Raoult, 1999) . The amount of circulating bacteria in the bloodstream is likely to be higher at the onset of the disease, then decrease rapidly as antibodies are produced. A previous study showed however, that PCR positivity is influenced by the time interval between onset of symptoms and serum sampling, not by the presence of antibodies (Fournier & Raoult, 2003) . In our study, we did not find any correlation between the number of DNA copies of C. burnetii and antibody levels. However, we tested only negative sera with our usual qPCR conditions; consequently, the standard deviation of the C t values between the different samples after lyophilization was low and failed to show a significant difference.
For the diagnosis of persistent Q fever, we have established new criteria based on clinical and microbiological evidence of the infection Raoult, 2012) . A positive PCR in serum or blood is considered as a major criterion for the diagnosis of endocarditis, vascular or osteoarticular infection, and can directly affect the management and treatment of the patient in conjunction with clinical symptoms, qPCR and serologic results and the evidence of focal infection by echocardiography or PET-scan Raoult, 2012) . qPCR is particularly useful when some criteria are missing, such as for patients presenting with endocarditis or vascular infection with low antibody titers (Edouard et al., 2013) . Indeed, positive PCR on serum allowed us to reduce the delay to certain diagnosis of persistent infection. Given the severity of Q fever endocarditis or vascular infection, it is necessary to perform the diagnosis and start the treatment as early as possible. Only a small number of sera from patients with endocarditis were tested, but these preliminary results are encouraging, as the number of positive qPCR is dramatically higher than with our usual qPCR assay.
Despite their use in a broad range of applications, lyophilization-based methods have rarely been described for concentrating microbial nucleic acids to increase the sensitivity of PCR. This principle was recently reported in concentrating virus from urban sewage (Calgua et al., 2013) , and concentrating pathogenic bacteria present in faeces with a view to improving their quantification by qPCR (Donatin & Drancourt, 2012; Rapp et al., 2010) . In fact, Donatin & Drancourt (2012) demonstrated that lyophilization of human stools is a very interesting concept to increase the PCR-based detection of bacteria and Archaea. The proportion of positive stools for Methanobrevibacter smithii and bacterial 16S rRNA was significantly higher after lyophilization; this technique could be used in routine diagnosis of diarrhoea in microbiological laboratories (Donatin & Drancourt, 2012) . To our knowledge, our study is the first to report bacterial DNA detection after lyophilization of human serum. To date, the use of lyophilization as a serum concentration technique for clinical diagnosis has been reported only for the early detection of tumor markers (Haese, et al., 1999a, b) . The freeze drying-based method is a one-step, easy-to-use procedure that could be more widely used in routine clinical microbiology laboratory diagnoses, particularly for infectious diseases with low bacterial or viral load. One advantage of this method is that samples of low or high volume can be lyophilized. However, the time required for lyophilization can be long, up to 24 h for large volumes, but this could be reduced for smaller volumes. In our study, the lyophilization time can be reduced to 2 h. The main limitation is the acquisition of a freeze dryer.
As a diagnostic strategy for Q fever, we suggest using serum lyophilization for two main indications: (i) at the acute stage of the disease in negative serum for an earlier diagnosis, particularly in the context of a Q fever outbreak, and (ii) in serum from a patient for which we suspected a persistent infection, PCR being a helpful diagnostic criterion in addition to clinical findings and serologic results particularly for endocarditis, vascular and osteoarticular infections Raoult, 2012) . Moreover, this technique may be useful in other low-sensitivity molecular analyses such as genotyping (Glazunova et al., 2005) . We performed the proof of concept that lyophilization increases the sensitivity of qPCR in serum by concentrating bacterial DNA for the diagnosis of Q fever. This technique is promising and could be applied to the early diagnosis of other fastidious bacterial or viral pathogens for which molecular diagnosis is essential. In fact, bacterial and viral loads are often low at the †The IS1111 elements is repeated 20-fold in the genome of the C. burnetii (Eldin et al., 2013) .
beginning of the disease in seronegative patients; consequently, PCR is frequently negative and the diagnosis is delayed, such as for fastidious bacteria including species of the genera Rickettsia (Raoult et al,. 2001) , Ehrlichia, Anaplasma (Bakken & Dumler, 2006) , Borrelia and Leptospira (Socolovschi et al., 2011) , and viruses. Moreover, the concentration of nucleic acids by lyophilization could be extended to other clinical samples such as blood, urine and cerebrospinal fluid.
